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Trio Combines with Dock to Regulate
Pak Activity during Photoreceptor
Axon Pathfinding in Drosophila
protrusive forces that precipitate cell movement. At least
some of these responses to Rac activation are mediated
by the serine/threonine kinase Pak (p21-activated ki-
nase; reviewed in Daniels and Bokoch, 1999). Rac acti-
vates Pak by binding in its GTP-bound form to the Pak
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CRIB (Cdc42/Rac interactive binding) domain (ManserDr. Bohr-Gasse 7
et al., 1994; Burbelo et al., 1995). Pak then regulates atA-1030 Vienna
least two other kinases, LIM kinase and myosin lightAustria
chain kinase, which control actin dynamics via their sub-²Centre de Recherche en Biochimie MacromoleÂ culaire
strates cofilin and myosin light chain, respectively (ArberCNRS UPR1086
et al., 1998; Edwards et al., 1999; Sanders et al., 1999).1919 route de Mende
While the ability of Rho family GTPases to modulateF-34293 Montpellier CeÂ dex 5
cell morphology in vitro has been well documented, theFrance
mechanisms that ensure that these pathways are spa-
tially and temporally coordinated to affect complex mor-
phogenetic processes in vivo are still only poorly under-Summary
stood. A striking example of the precision of such
cellular movements is the generation of intricate pat-Correct pathfinding by Drosophila photoreceptor ax-
terns of neuronal connectivity in the nervous system.ons requires recruitment of p21-activated kinase (Pak)
These connectivity patterns arise as growing axons areto the membrane by the SH2-SH3 adaptor Dock. Here,
directed toward their targets by specific extracellularwe identify the guanine nucleotide exchange factor
guidance cues (reviewed in Tessier-Lavigne and Good-(GEF) Trio as another essential component in photore-
man, 1996). These cues control the direction of axonceptor axon guidance. Regulated exchange activity of
extension by regulating the actin cytoskeleton withinone of the two Trio GEF domains is critical for accurate
the growth cone, the highly motile structure at the tippathfinding. This GEF domain activates Rac, which in
of the growing axon (reviewed in Suter and Forscher,turn activates Pak. Mutations in trio result in projection
1998). There is now compelling evidence that Rho familydefects similar to those observed in both Pak and dock
GTPases transduce signals from membrane receptors
mutants, and trio interacts genetically with Rac, Pak,
to the actin cytoskeleton during growth cone guidance.
and dock. These data define a signaling pathway from
Constitutively active and dominant-negative forms of
Trio to Rac to Pak that links guidance receptors to the these GTPases affect growth cone morphology in vitro
growth cone cytoskeleton. We propose that distinct (Jalink et al., 1994; Jin and Strittmatter, 1997; Kozma et
signals transduced via Trio and Dock act combinatori- al., 1997; Threadgill et al., 1997) and axon outgrowth
ally to activate Pak in spatially restricted domains and guidance in vivo (Luo et al., 1994; Kaufmann et al.,
within the growth cone, thereby controlling the direc- 1998; Ruchhoeft et al., 1999). More significantly, defects
tion of axon extension. in axon guidance have recently been reported to result
from mutations in genes encoding components of Rho
Introduction GTPase signaling pathways: the Rho GEF UNC-73 (Ste-
ven et al., 1998) and Rho GTPase MIG-2 (Zipkin et al.,
The Rho family of small GTPases, Cdc42, Rac, and Rho, 1997) in C. elegans, and the GTPase effector Pak in
regulate cytoskeletal dynamics in vitro (reviewed in Hall, Drosophila (Hing et al., 1999).
1998), and increasing evidence suggests that they also To mediate guidance decisions, these molecules must
play critical roles in orchestrating the cell shape changes be activated in spatially restricted domains within the
that underlie tissue morphogenesis in vivo (reviewed in growth cone. How might this be achieved? In the case
Settleman, 1999). These proteins cycle between an ac- of Pak, an answer to this question is beginning to emerge
tive GTP-bound state and an inactive GDP-bound state. from a combination of biochemical studies of mamma-
Guanine nucleotide exchange factors (GEFs) activate lian Paks and the genetic analysis of Pak function in
GTPases by stimulating the exchange of GDP for GTP. Drosophila. Biochemical studies have revealed two co-
In the active GTP-bound state, each of these small ordinated events that activate Pak. The first of these
GTPases remodels the actin cytoskeleton in a distinctive acts by controlling its subcellular localization. The SH2-
fashion. Activated Rac, for example, reduces actin de- SH3 adaptor protein Nck binds via one of its SH3 do-
polymerization, stimulates the synthesis of new fila- mains to an N-terminal PxxP motif of Pak, and upon
stimulation of receptor tyrosine kinases Nck recruits Pakments, and promotes the uncapping and extension of
to the plasma membrane (Bokoch et al., 1996; Galisteoexisting filaments. In migrating cells, these events are
et al., 1996). The second step in Pak kinase activationrestricted to the leading edge, where they provide the
is the binding of GTP-bound forms of Cdc42 or Rac to
the Pak CRIB domain (Manser et al., 1994; Burbelo et³ To whom correspondence should be addressed (e-mail: dickson@
al., 1995). This interaction releases an intramolecularnt.imp.univie.ac.at).
association between the kinase domain and an autoin-§ Present address: AstraZeneca Bioinformatics, P.O. Box 34, S-22100
Lund, Sweden. hibitory region that overlaps the CRIB domain, thereby
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activating Pak kinase (Frost et al., 1998; Zhao et al., and a BLAST search of the Drosophila EST sequence
database yielded a perfect match with the 59 end of an1998). Axon guidance receptors might therefore locally
activate Pak by either of these pathways, controlling its EST clone. We then identified additional overlapping
EST clones and also recovered further cDNA clonessubcellular localization via Nck or its kinase activity via
Rho family GTPases. from libraries derived from embryonic and larval-pupal
stages. In total, 15 cDNA clones were analyzed in detail,In Drosophila, Pak is required to establish the correct
connectivity patterns between photoreceptors and their and all appear to have derived from a common tran-
script. The three longest cDNAs were all 8.0 kb in length,optic lobe targets in the adult visual system (Hing et al.,
1999). Both the N-terminal PxxP motif and the CRIB corresponding to the size of the single transcript de-
tected in Northern blots of embryonic RNA. Thesedomain are essential for Pak function in axon guidance,
indicating that both mechanisms are likely to contribute clones contained a single large open reading frame pre-
dicted to encode a 2263 amino acid protein most closelyto the localized activation of Pak within the growth cone.
The subcellular localization of Pak is regulated by the related in sequence and structure to human Trio (Debant
et al., 1996) and C. elegans UNC-73A (Steven et al.,Drosophila Nck homolog, Dock. Mutations in dock result
in projection errors almost identical to those observed 1998) (Figure 1B). We therefore refer to this protein as
Drosophila Trio. We partially sequenced the trio genein Pak mutants, and these defects are largely rescued
by attaching a membrane-localization motif to Pak (Gar- from several of the mutant alleles recovered in our
screen. Specific base pair changes were identified inrity et al., 1996; Hing et al., 1999). This result suggests
that the primary function of Dock in photoreceptor axon each of three different alleles and a 73 bp deletion de-
tected in a fourth allele (Figure 1A).guidance is to recruit Pak to the plasma membrane (Hing
et al., 1999). Moreover, as this membrane anchor is Drosophila Trio contains two Dbl homology (DH) do-
mains, each with a flanking pleckstrin homology (PH)unlikely to fully mimic the ability of Dock to recruit Pak
specifically to sites of activated guidance receptors, this domain. Such tandem DH-PH domains are a character-
istic feature of GEFs specific for Rho family GTPases,result also implies that additional signals must act to
restrict Pak activation to localized domains within the and we refer to these two tandem DH-PH domains as
GEF1 and GEF2. From amino to carboxy terminus, Dro-growth cone. While these additional signals are pre-
dicted to involve Rho family GTPases, the molecular sophila Trio consists of the following domains: a con-
served amino-terminal z230 amino acid motif alsopathways that link guidance receptors via Rho GTPases
to Pak remain unknown. found in several other Rho family GEFs, a series of eight
spectrin repeats, GEF1, an SH3 domain, and finallyAs a first step in the characterization of these path-
ways, we have identified the Rho family GEF Trio as an GEF2. Overall, Drosophila Trio is 43% identical and 62%
similar to human Trio, with GEF1 as the most highlyessential regulator of Pak activity during photoreceptor
axon guidance. Trio promotes guanine nucleotide ex- conserved domain. Both human Trio and C. elegans
UNC-73A have additional carboxy-terminal domains,change on Drosophila Rac, as well as the newly identi-
fied Rho family GTPase Mtl. GTP-bound Rac, but not while the C. elegans unc-73 gene also encodes a shorter
isoform, UNC-73B, that lacks the GEF2 domain. We haveMtl, binds to Pak. Photoreceptors lacking Trio make a
variety of pathfinding errors, similar to those observed not been able to detect any such extended or truncated
isoforms of Drosophila Trio.in Pak and dock mutants, and dosage-sensitive genetic
interactions between trio, Rac, Pak, and dock suggest
that they all act in a common pathway controlling photo-
receptor axon guidance. We propose that multiple extra- Trio Is Localized at the Plasma Membrane
and in Growth Conescellular guidance cues act in a coordinated fashion via
Dock and Trio to activate Pak kinase in a spatially re- To determine the subcellular localization of Trio, we gen-
erated antisera against Trio and used these sera to stainstricted manner within the growth cone, and thereby
determine the course of axon extension. third instar eye imaginal discs. To provide an internal
control, we stained discs carrying small clones of cells
homozygous for the trio8 allele, which is predicted toResults
truncate the protein close to the amino terminus. Little
or no staining could be detected in the trio mutant cells,Drosophila Trio: A Multidomain Guanine Nucleotide
demonstrating the specificity of the antisera (FiguresExchange Factor
2A±2D). In the wild-type cells, Trio protein was detectedWe have recently completed a saturation mutagenesis
at or near the plasma membrane (Figures 2E±2G). Stain-of approximately 75% of the Drosophila genome in order
ing was not restricted to photoreceptor cells but wasto identify genes acting autonomously during photore-
also observed in both undifferentiated and nonneuronalceptor axon guidance (Newsome et al., 2000). Among
cells (Figure 2A).the approximately 30 distinct genetic loci identified in
If Trio participates directly in axon guidance deci-this screen, we recovered new alleles of both Pak and
sions, it should also be present in growth cones. Whiledock (Figure 1A). A third complementation group, con-
we could readily detect transgenically expressed epi-sisting of nine alleles, was mapped to the cytological
tope-tagged Trio in photoreceptor growth cones, theregion 61E on chromosome arm 3L. Three P element
ubiquitous expression of the endogenous protein madeinsertions that had been mapped to the same region
it difficult to detect in photoreceptor growth cones navi-(DeÂ ak et al., 1997) were found to belong to the same
gating within the brain. We therefore dissociated cellslethal complementation group. We isolated and se-
quenced genomic DNA flanking one of these P elements, from third instar eye imaginal discs and allowed them
Trio Controls Photoreceptor Axon Guidance
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Figure 1. Structures and Mutations of Trio, Pak, and Dock
(A) Molecular lesions associated with trio, Pak, and dock alleles. For Pak and dock, the complete coding region was sequenced for each of
the alleles indicated. Due to its large size, the trio gene was only partially sequenced. SH3, Src homology 3 domain; SH2, Src homology 2
domain; PxxP, Dock binding site; CRIB, Cdc42/Rac interactive binding domain; and NTD, conserved N-terminal domain in Trio, UNC-73, and
several other Rho family GEFs.
(B) Comparison of the molecular structures of Drosophila Trio, human Trio, and C. elegans UNC-73A, indicating the percentage amino acid
identity between each of the domains. DH, Dbl homology; PH, pleckstrin homology; Ig, immunoglobulin C2-type domain; and FN, fibronectin
type III domain.
to differentiate in vitro. Photoreceptors extending axons with the normal dorsal-ventral polarity and mirror image
in vitro were then stained with the anti-Trio antisera, symmetry across the equator. Rhabdomeres have the
revealing the presence of endogenous Trio protein along normal morphology, orientation, and trapezoidal ar-
the entire length of the axon and at high levels in the rangement. The only defect we could detect was the
growth cone (Figures 2H and 2I). occasional absence of a single outer photoreceptor (in
18 of 592 ommatidia examined). A similar low frequency
of missing photoreceptors is also observed in both PakAberrant Pathfinding by trio Mutant
and dock mutants (Garrity et al., 1996; Hing et al., 1999).Photoreceptor Axons
Thus, the homozygous trio mutant retina is correctlyTrio, like Pak and Dock, is present in photoreceptor
patterned and the brain is genetically heterozygous, sogrowth cones and required for them to find their appro-
any photoreceptor connectivity defects observed in triopriate targets. Does Trio mediate specific guidance deci-
mosaics are not simply a secondary consequence ofsions, or, like Pak and Dock, function more generally in
patterning defects in the retina or brain but rather ariseaxon guidance? To address this, we next used a collec-
as a direct consequence of defects in axon outgrowthtion of specific axonal markers to examine the projection
or guidance.errors made by trio mutant axons. This analysis was
Connectivity patterns were first examined in third in-performed using the eyFLP system to generate mosaic
star larvae and adults using MAb 24B10 to visualize allanimals in which virtually the entire retina is homozygous
photoreceptor axons. In wild-type animals (Figure 3A),mutant while other tissues, including the brain, are only
photoreceptor axons grow from the eye imaginal disc,heterozygous (Newsome et al., 2000; also see the Exper-
through the optic stalk, and into the optic lobe of theimental Procedures). Mutations in trio do not appear to
brain. The eight photoreceptor axons from each omma-disrupt other aspects of photoreceptor differentiation,
tidium fasciculate together, and upon entering the opticas examined in tangential sections of adult eyes. Photo-
receptors are correctly formed into ommatidial clusters lobe these ommatidial fascicles fan out to form a smooth
Cell
286
Figure 2. Trio Localization in Eye Discs and Dissociated Photoreceptors
(A±D) Eye discs from a third instar larvae of the genotype eyFLP; trio1 FRT80B/arm-lacZ FRT80B, stained with Trio antisera (green) and anti-
b-galactosidase (red). Anterior is to the left, and mf indicates the position of the morphogenetic furrow in (A). The furrow passes from posterior
to anterior across the disc, and photoreceptors and nonneuronal accessory cells differentiate in its wake. (A) is a low-magnification image of
almost an entire disc, while (B±D) are higher magnification views of the region shown boxed in (A). (B) is a merged image of the anti-b-
galactosidase and anti-Trio images shown separately in (C) and (D), respectively. Note that in these animals no Minute mutation is present,
and so only small trio mutant clones are generated. These clones can be detected by the lack of cytoplasmic b-galactosidase staining
(arrowheads in [A]). Residual Trio staining within the mutant clones may be due to the perdurance of Trio protein or trio mRNA from the
heterozygous precursor cells that gave rise to these clones.
(E±G) High-magnification view of the posterior region of a wild-type eye disc stained with Trio antisera (green) and MAb 3A9 against a-spectrin
(red). (F) and (G) show the MAb 3A9 and anti-Trio stainings alone, and (E) shows the merged image. Note that Trio largely colocalizes with
a-spectrin at the cell periphery and is not distributed throughout the entire cytoplasm (as, for example, b-galactosidase immunoreactivity in
[B] and [C]).
(H±I) A dissociated photoreceptor extending an axon in vitro, stained with Trio antisera (green) and viewed with Nomarksi optics (H) or as an
extended focus through a stack of confocal images (I). In control cultures, trio mutant photoreceptors did not stain with the Trio antisera. gc,
growth cone.
Scale bars: (A), 50 mm; (B), 10 mm; and (E) and (H), 5 mm.
topographic map that mirrors the arrangement of omma- defect as a ªmedulla bypassº phenotype. The same de-
fect is also observed in animals mosaic for null allelestidia in the eye. As they penetrate the optic lobe, the
R1-R6 axons terminate in the lamina, while the R7 and of either Pak or dock (92% and 77% of hemispheres,
respectively, n 5 182 and 90; Figure 3F).R8 axons pass through the lamina to terminate in the
medulla. We next examined the projections of specific photore-
ceptor subclasses, using a ro-tlacZ marker to visualizeIn trio mosaics (Figure 3B), photoreceptor axons ap-
pear to extend normally into the brain but fail to elabo- R2-R5 axons in larvae and Rh1-tlacZ and Rh4-tlacZ
markers to visualize R1-R6 and R7 projections, respec-rate smooth retinotopic arrays in the lamina and me-
dulla. This disorganized projection pattern, including tively, in adults. In trio mosaics, almost all R1-R6 axons
terminate correctly in the lamina. In 60 adult hemi-regions of both hyper- and hypoinnervation, is similar
to the defects seen in both Pak and dock mutants (Gar- spheres examined, we observed only two in which a
single R1-R6 axon bundle extended beyond the lamina.rity et al., 1996; Hing et al., 1999), as well as Pak mosaics
generated using the eyFLP system (Figure 3C). These R7 axons entering the medulla also generally recognize
this ganglion as their appropriate target layer, althoughdefects are even more apparent in the completed con-
nectivity patterns of the adult (Figure 3E). In trio mosaic they terminate in highly disordered arrays (Figure 3H).
However, many R7 axons are completely misroutedadults, we also observed a striking misrouting of axon
bundles beyond the medulla and into deeper regions of around the posterior edge of the medulla and contribute
to the axon bundles extending between the medulla andthe brain (61% of hemispheres, n 5 176). In most cases,
these misrouted axons pass around the posterior edge underlying lobula.
To specifically examine retinotopic mapping, we gen-of the medulla and then turn anteriorly to run between
the medulla and the underlying lobula. We refer to this erated an omb-tlacZ marker to label the axons of the
Trio Controls Photoreceptor Axon Guidance
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Figure 3. Pathfinding Defects of trio Mutant
Photoreceptor Axons
(A±C) Eye-brain complexes of wild-type (A),
trio1 mosaic (B), and Pak20 mosaic (C) third
instar larvae, stained with MAb 24B10. ed,
eye disc; os, optic stalk; lam, lamina; and
med, medulla.
(D±F) Horizontal head sections of wild-type
(D), trio8 mosaic (E), and Pak20 mosaic (F)
adults, stained with MAb 24B10. Due to mor-
phological changes that occur during pupal
development, the lamina now lies directly un-
derneath the retina (ret), while the medulla
has rotated to create the optic chiasm (oc).
Arrows indicate photoreceptor axon bundles
extending abnormally around the posterior
edge of the medulla and coursing between
the medulla and underlying lobula in trio and
Pak mosaics. These bundles are not entirely
contained within the sections shown.
(G and H) Confocal micrographs of head sec-
tions of wild-type (G) and trio8 mosaic (H)
adults expressing the Rh4-tlacZ marker,
stained with anti-b-galactosidase (green) and
MAb 22C10 (red). In trio mosaics, R7 axons
often extend abnormally around and beyond
the medulla (white arrow). Note that the Rh4
promoter drives reporter expression in only
approximately 70% of R7 cells.
(I and J) Confocal micrographs of eye-brain
complexes of wild-type (I) and trio8 mosaic (J)
third instar larvae expressing the omb-tlacZ
reporter, stained with anti-b-galactosidase
(green) and MAb 24B10 (red). The arrowhead
in (J) indicates photoreceptor axons that ap-
pear to have stalled while on their correct
trajectory through the optic stalk.
Scale bars, 40 mm.
polar (i.e., dorsal- and ventral-most) photoreceptors cDNA was placed under the transcriptional control of
either the eye-specific enhancer/promoter GMR or the(Figure 3I). In trio mosaics (Figure 3J), as in Pak and
dock mosaics, these axons retain their normal topo- neuronal promoter elav. Both the GMR-trio and elav-
trio transgenes completely rescue the photoreceptorgraphic order in the optic stalk and then fan out correctly
to reach the dorsal and ventral extremes of the optic projection defects in trio mosaics, as assayed using
both MAb 24B10 (Figure 4B) and omb-tlacZ, confirminglobes. Global retinotopic mapping is therefore undis-
turbed. However, in trio mosaics, 18% (n 5 306) of these that these defects are indeed due to the loss of Trio
function in differentiating photoreceptors.polar axon bundles appeared to stall within the optic
stalk (Figure 3J). This defect was only rarely observed Homozygous null trio mutant animals either fail to
hatch or die in the first larval instar. We also found thatin wild-type (1 of 299 polar axon bundles) or Pak mosaics
(2 of 720). We suspect that this defect is not specific to expression of trio under the control of the ubiquitous
a1-tubulin promoter, but not the neuronal elav promoter,polar axons but is likely to occur in all photoreceptor
axons with a similar frequency. rescued trio homozygous null mutants to full viability
and fertility, suggesting that Trio may also perform es-In summary, Trio appears not to mediate any specific
guidance decision but rather functions more generally sential functions outside the nervous system.
to ensure the fidelity of both axon outgrowth and guid-
ance. The defects observed in trio mosaics are remark- Regulated GEF1 Activity Is Critical for Trio Function
ably similar to those seen in both Pak and dock mutants, Trio has two GEF domains. What contribution do they
with the occasional stalling of axons in the optic stalk each make to Trio function in axon guidance? In human
the only defect we have observed in trio but not Pak Trio, glutamine-1368 forms part of the GTPase binding
mosaics. site of GEF1, and replacing this residue with alanine
drastically reduces GEF1 exchange activity (Liu et al.,
1998). We therefore introduced the analogous Q1417ATrio Is Required in Differentiating Photoreceptors
To confirm that Trio acts autonomously in photorecep- or Q2078A substitution into GEF1 or GEF2 of Drosophila
Trio, respectively (Figure 4A), and assayed the ability oftors, we generated transgenic animals in which the trio
Cell
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Figure 4. Regulated Trio GEF1 Activity Is Essential for Axon Guidance
(A) Wild-type and mutant Trio transgenes expressed under the control of the GMR promoter for transgenic rescue experiments. The column
on the right indicates whether or not these transgenes rescue the photoreceptor axon projection defects in trio mosaics.
(B±E) Adult head sections of trio8 mosaics expressing various transgenes as indicated, stained with MAb 24B10.
(F) Wild-type and mutant Trio UAS transgenes expressed under the control of a GMR-GAL4 driver. The column on the right indicates the
severity of defects in photoreceptor axon projections: 2, wild type; 1, moderate disruption, e.g., (G); and 11, severe disruption, e.g., (H).
(G±I) Whole mount larval eye-brain complexes of animals carrying the GMR-GAL4 driver and the indicated UAS transgene, stained with MAb
24B10. Expression of the Trio GEF1 domain alone severely disrupts photoreceptor axon projections (G). Many axons fail to enter the brain
(black arrowhead), or grow abnormally over the surface of the brain (black arrow, out of focal plane), while those that do enter the brain follow
highly aberrant trajectories through the optic lobe. Photoreceptors also delaminate from the eye disc and enter the optic stalk (white arrowhead).
Scale bars, 40 mm.
these mutant proteins to substitute for the wild-type disc is also severely disrupted, and many photorecep-
tors delaminate and migrate into the optic stalk. TheseTrio in vivo. The Q1417A mutation in GEF1 completely
abolishes Trio function. GMR-trioQ1417A transgenes do not defects are further enhanced by attaching an N-terminal
myristylation signal to target the GEF1 domain to therescue the projection defects in trio mosaics (Figure 4C),
and a1-tubulin-trioQ1417A transgenes do not rescue the plasma membrane (myrGEF1, Figure 4H). The dominant
phenotype generated by the UAS-myrGEF1 transgenelethality of homozygous trio mutations. In contrast, the
Q2078A mutation in GEF2 does not impair Trio function is completely eliminated by introducing the Q1417A mu-
tation into the GEF1 domain, indicating that it is depen-in either assay (Figure 4D). Thus, catalytic activity of
GEF1, but not GEF2, is essential for Trio function in dent on GEF1 exchange activity (Figure 4I). Expression
of the GEF2 domain on its own did not produce anyphotoreceptor axon guidance. We also found that the
conserved amino-terminal domain is required for Trio dominant phenotype, even when targeted to the mem-
brane with a myristylation signal (Figure 4F).function (Figure 4E).
We next sought to examine the consequences of inap- Together, these loss- and gain-of-function experi-
ments demonstrate that correct photoreceptor axonpropriate activation of GEF1 and GEF2. Amino-terminal
truncations have been shown to lead to the constitutive guidance is critically dependent on the tight regulation
of Trio GEF1 exchange activity. We therefore nextactivation of several multidomain GEF proteins (e.g.,
Katzav et al., 1991; Miki et al., 1993; Sone et al., 1997), sought to identify the downstream signaling events acti-
vated by GEF1.and we found that a deletion of the conserved amino
terminal domain plus the spectrin repeats similarly ap-
pears to generate a constitutively activated form of Trio. Trio GEF1 Stimulates Nucleotide Exchange on Rac
and Mtl, and GTP-Bound Rac Binds to PakExpression of this N-terminally truncated Trio using a
GMR-GAL4 driver and a UAS transgene produces a Five Drosophila Rho family GTPases have been de-
scribed to date: Cdc42, Rac1, Rac2, RhoA, and thestrong gain-of-function phenotype. This phenotype is
unaltered by further trimming Trio down to just the GEF1 divergent RhoL (Luo et al., 1994; Harden et al., 1995;
Hariharan et al., 1995; Murphy and Montell, 1996).domain. In animals carrying this UAS-GEF1 transgene,
photoreceptor axons extend in a highly aberrant manner Examination of the Drosophila EST and genomic se-
quence databases revealed a previously unknown Rho(Figure 4G). Many axons appear to clump together in
the optic stalk, while those that reach the brain project family GTPase most closely related to the MIG-2 GTPase
of C. elegans (Zipkin et al., 1997). We therefore namedin an extremely disorganized fashion into the optic lobe
or sometimes even grow instead over the surface of the this Drosophila GTPase Mtl (Mig-two-like). Together,
MIG-2 and Mtl define a subclass of Rho family GTPasesbrain. The pattern of photoreceptor clusters in the eye
Trio Controls Photoreceptor Axon Guidance
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Figure 5. GTPase Targets of Trio and Their Associations with Pak
(A) Phylogenetic tree of Drosophila, C. elegans, and selected human Rho family GTPases, prepared using PHYLO_WIN (Galtier et al., 1996).
Mtl and MIG-2 define a distinct subclass of GTPases.
(B) GEF1 stimulates guanine nucleotide release on Rac1, Rac2, and Mtl. Activity of 4 mg of GST-GEF1, GST-GEF2, or GST alone on 3H-GDP
release from GST fusions of each of the six Drosophila Rho family GTPases. The activity is expressed as the percent of initial 3H-GDP remaining
bound after 15 min incubation.
(C) Actin reorganization in rat embryo fibroblasts (REF-52 cells) transfected with plasmids encoding Drosophila (i and iii) and human (ii and
iv) Trio GEF domains. Drosophila GEF domains were tagged with GFP and human GEF domains with a hemagglutinin (HA) epitope, and they
were visualized using GFP fluorescence and MAb 12CA5, respectively (left panels). Right panels show actin structures visualized using
rhodamine-conjugated phalloidin.
(D) GTP-bound Rac1 and Rac2, but not Mtl, bind to Pak in a GST pulldown assay. GST-Rac1, GST-Rac2, GST-Mtl, and GST alone were
loaded with either GDP or GTPgS, or without nucleotide, and then incubated with lysates from COS-7 cells expressing myc-tagged Pak. After
1 hr incubation, the samples were washed and analyzed by Western blotting with anti-myc (upper panels) or anti-GST (lower panels) antibodies.
(E) In a yeast two-hybrid assay, constitutively activated Rac1 but not Mtl binds to Pak. Rac1 and Mtl were expressed as fusion proteins with
the LexA DNA binding domain, and full-length Pak as a fusion protein with the GAL4 transcriptional activation domain. Rac1 and Mtl were
expressed either in their constitutively active (ca) GTP-bound forms (Rac1V12 and MtlV15, left) or as wild-type proteins (wt, right). The presence
of both fusion proteins in each yeast strain was confirmed by Western analysis.
distinct from the well-characterized Cdc42, Rac, and Rho in vitro, GEF2 might nevertheless activate a Rho-
like GTPase in vivo.Rho subclasses (Figure 5A). Mtl mRNA is widely and
uniformly expressed throughout development. GTP-bound Rac binds to the CRIB domain of Pak
and stimulates Pak kinase activity (Manser et al., 1994;To identify which of these GTPases are activated by
Trio, we performed guanine nucleotide release assays Harden et al., 1996). In both in vitro binding and yeast
two-hybrid assays with the Drosophila proteins, weusing bacterially expressed GST fusions of Trio GEF1
or GEF2, with 3H-GDP-bound forms of each of the six could reproduce the association of GTP-bound Rac1
and Rac2 with Pak but were unable to detect any interac-Drosophila Rho family GTPases as substrates (Figure
5B). GEF1 stimulated guanine nucleotide release from tion between Mtl and Pak (Figures 5D and 5E). Thus,
Rac1 and Rac2 provide a direct link between Trio andRac1, Rac2, and Mtl, but not from Cdc42, RhoA, or RhoL.
Neither GEF2 nor GST alone had detectable exchange Pak, whereas Mtl could only activate Pak indirectly.
activity for any of the GTPases tested.
We next examined the ability of the GEF1 and GEF2
trio Interacts Genetically with Rac, Pak, and dockdomains to reorganize the actin cytoskeleton. When
Does this signaling pathway from Trio to Rac to Paktransfected into REF-52 fibroblasts, GEF1 of either Dro-
control photoreceptor axon guidance in vivo? If so, wesophila or human Trio induces high levels of actin poly-
would expect mutations in these genes to show dosage-merization at the membrane, resulting in the characteris-
sensitive genetic interactions. We first asked whethertic membrane ruffling and lamellipodia formation seen
the gain-of-function phenotype caused by overexpres-with activated forms of Rac (Figures 5Ci and 5Cii; Bel-
sion of Trio GEF1 is sensitive to expression levels oflanger et al., 1998). GEF2 induced actin to form stress
each of the GTPases Rac1, Mtl, Cdc42, and RhoA. Muta-fibers, as typically observed with activated Rho (Figures
5Ciii and 5Civ; Bellanger et al., 1998). Thus, although tions in all four of these genes are not yet available, and
so we examined the consequences of increasing ratherwe have been unable to detect exchange activity on
Cell
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Figure 6. trio Interacts Genetically with Rac, Mtl, dock, and Pak
(A±D) Whole mount larval eye-brain complexes of animals carrying one copy of each of the indicated GMR transgenes, stained with MAb
24B10. Examples shown represent the most frequent phenotypic class for each genotype. In GMR-GEF1; GMR-Rac1 animals (A), photoreceptor
axons form large tangles within the eye disc (white arrowhead), and only very few axons penetrate the brain (black arrowhead). Scale bar,
40 mm.
(E) Semiquantitative analysis of GMR-GEF1; GMR-GTPase interactions. Hemispheres were grouped into three classes according to the severity
of photoreceptor axon projection errors observed: class 1, mild, e.g., Figure 4G, and panels (C) and (D); class 2, severe, e.g., (B); and class
3, extreme, e.g., (A). Bars indicate the percentage of hemispheres in each phenotypic class. In the absence of GMR-GEF1, photoreceptor
axon projections were completely normal for each GMR-GTPase (n 5 160 for Rac, 190 for Mtl, 128 for Cdc42, and 77 for RhoA). Two
independent transgenic lines were tested in all experiments. No significant differences were observed using different insertions of the same
transgene, and the data have therefore been pooled.
(F±G) The frequencies of the ªmedulla bypassº phenotype were determined using MAb 24B10 to stain horizontal head sections of animals
carrying various combinations of loss-of-function trio, Pak, and dock alleles. The allelic combination for each locus is shown below each bar
(or is 1/1).
than decreasing GTPase gene dosage. For these ex- these double mutant combinations proved difficult due
to the fact that gain- and loss-of-function mutations inperiments, we used a GMR-GEF1 transgene, which is
phenotypically indistinguishable from GMR-GAL4;UAS- these genes do not result in distinctly opposite axon
projection defects. We therefore examined dosage-sen-GEF1 (Figure 4G), and introduced into this background
GMR-GTPase transgenes for each of these four GTPases. sitive genetic interactions between loss-of-function mu-
tations in each of the three genes. Given that mutationsNone of these GMR-GTPase transgenes disrupts photore-
ceptor axon projections in a wild-type background. How- in all three genes are completely recessive, any such
dominant genetic interactions would be a strong indi-ever, both GMR-Rac1 and, to a lesser extent, GMR-Mtl
strongly enhance the projection defects in GMR-GEF1 cation that they act in a common signaling pathway
in vivo.animals (Figures 6A, 6B, and 6E). Neither GMR-Cdc42
nor GMR-RhoA significantly alters this trio gain-of-func- The single allele of dock that we isolated in our screen
is a hypomorphic allele, and so we first asked whethertion phenotype (Figures 6C±6E). These data demon-
strate that both Rac and Mtl GTPases not only act as loss of one copy of trio would dominantly enhance this
weak dock phenotype. Indeed, in dock hypomorphs, thesubstrates for Trio GEF1 in vitro but also potentiate Trio
GEF1 signaling in vivo. ªmedulla bypassº phenotype is observed at the rela-
tively low frequency of 14%, but this frequency is in-To determine whether trio interacts genetically with
Pak and dock, we initially performed epistatis experi- creased to 87% in a trio heterozygous background (Fig-
ure 6F). Hypomorphic alleles of Pak are not available,ments using trio gain-of-function and Pak or dock loss-
of-function mutations. However, the interpretation of but we did identify a very weak P element±induced allele
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photoreceptor axon guidance. First, Trio, like Pak and
Dock, is present in photoreceptor growth cones and
required autonomously for growth cone guidance. Sec-
ond, trio, Pak, and dock mutations all have remarkably
similar phenotypes, and these phenotypes are clearly
distinct from those of most other mutations disrupting
photoreceptor axon projections (Martin et al., 1995; Gar-
rity et al., 1999; Newsome et al., 2000; Senti et al., 2000;
T. P. N, B. AÊ ., and B. J. D., unpublished data). Third, we
observe strong dosage-sensitive genetic interactions
between trio and both Pak and dock. Such dosage-
sensitive interactions are a reliable indicator that two
genes act in a common pathway in vivo (e.g., Simon
et al., 1991). Fourth, Trio function in axon guidance is
critically dependent on regulated activity of its GEF1
domain. This domain activates the Rac GTPases in vitro,
and increasing Rac levels potentiates GEF1 signaling in
vivo. Finally, Rac GTPases bind to Pak and are potent
activators of Pak catalytic activity (Manser et al., 1994).
Figure 7. Model for Trio, Pak, and Dock Interactions in Growth Cone
Rac is, however, not the only GTPase activated by theGuidance
Trio GEF1 domain. This domain also stimulates guanine
We propose that Trio is locally activated in response to unknown
nucleotide exchange on Mtl, a newly identified Rho fam-guidance cues (signal A) and in turn activates Rac via its GEF1
ily GTPase most closely related to the C. elegansdomain. In response to other signals (B), Dock recruits Pak to the
membrane. Where these two signals coincide, GTP-bound Rac can GTPase MIG-2. Genetic analysis of MIG-2 function in C.
then bind to the CRIB domain of Pak, stimulating its kinase activity. elegans has suggested that MIG-2 plays a redundant
The combined action of these two pathways could thus regulate role alongside Rac in signaling by the Trio ortholog UNC-
the actin cytoskeleton in a spatially controlled manner to steer the 73 (Zipkin et al., 1997; Steven et al., 1998). An analogous
growth cone.
role for Mtl in Drosophila is consistent with our observa-
tion that Trio GEF1 signaling is also potentiated by an
increase in Mtl levels. However, it is interesting to noteof trio, trioP3. In animals carrying this hypomorphic allele
that unlike Rac, Mtl cannot directly activate Pak. Thus,together with a null trio allele, the medulla bypass phe-
if Mtl indeed has a redundant role in signaling fromnotype is observed at a frequency of only 7%. Removing
Trio to Pak, additional components must be interposedone functional copy of Pak in this background increased
between Mtl and Pak.the frequency of this defect to 34%±42% (Figure 6G).
Thus, heterozygosity for trio strongly increases the fre-
Trio Controls both Growth Cone Motilityquency of photoreceptor axon pathfinding errors caused
and Guidanceby a partial loss of dock function, while heterozygosity
Do Trio, Rac, and Pak form part of the general motilityfor Pak similarly increases the frequency of errors due to
machinery in the growth cone, or are they part of thea partial loss of trio function. Most of the other mutations
steering mechanism that directs outgrowth in responseisolated in our genetic screen do not show such dosage-
to extracellular cues? Might they even function in bothsensitive genetic interactions with trio (T. P. N. and
processes? In trio mosaics, as in Pak mutants (Hing etB. J. D., unpublished data). Taken together with the
al., 1999), most photoreceptor axons extend normallysimilarities in the trio, Pak, and dock mutant phenotypes,
into the brain but then make a variety of guidance errorsthese genetic interactions strongly support the idea that
within the target region. Thus, both trio and Pak arethe three proteins act in a common pathway to control
primarily required to mediate growth cone guidance de-photoreceptor axon guidance.
cisions. However, with low frequency in trio, but not
Pak mosaics, photoreceptor axons stall while on theirDiscussion
correct course through the optic stalk. Growth cone
stalling has also been observed in trio mutant embryosWe have presented biochemical and genetic data that
(Awasaki et al., 2000; Bateman et al., 2000; Liebl et al.,define a signal transduction pathway from Trio to Rac
2000), as well as in C. elegans unc-73 mutants (McIntireto Pak that plays an essential role in photoreceptor axon
et al., 1992). Thus, while Pak may function exclusively inguidance. Pak kinase activity is also thought to be regu-
growth cone guidance decisions, trio appears to controllated by signals that act via Dock to recruit Pak to the
both motility and guidance.plasma membrane (Hing et al., 1999). We propose that
these two pathways act in a coordinated fashion to
stimulate Pak activity in restricted spatial domains Steering the Growth Cone
Two important questions remain. How is Trio regulatedwithin the growth cone, thereby promoting directed
axon extension (Figure 7). in response to extracellular guidance cues, and what are
the relative roles of Trio and Dock in relaying directional
cues to Pak? At present, we can only speculate on theseTrio Regulates Pak Kinase Activity
Several lines of evidence support our hypothesis that issues. Upon exposure to chemoattractant gradients,
amoeba and mammalian leukocytes alike relocate PHTrio acts via Rac to regulate Pak kinase activity during
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for this arm do not proliferate, and so the eye is composed almostdomain proteins to the side of the cell facing up the
entirely of homozygous trio, Pak, or dock cells.gradient (Meili et al., 1999; Jin et al., 2000; Servant et
The ro-tlacZ stock was generously provided by Ulrike Gaul, theal., 2000). This response is likely to be mediated by
GMR-GAL4 driver by Matthew Freeman, and GMR-Cdc42 and GMR-
phosphoinositide 3-kinase (PI3K), which generates the RhoA stocks by Jeff Settleman.
membrane-associated phosphatidylinositol-3,4,5-triphos-
phate (PIP3) targeted by PH domains (Servant et al., 2000). Molecular Biology
It is tempting to speculate that, in navigating growth Genomic DNA flanking the P element insertion in the trioP3 stock
was recovered by plasmic rescue and sequenced. A BLAST searchcones, extracellular guidance cues might similarly act
with this sequence gave a perfect match to the EST clone LD28463via PI3K to produce localized domains of elevated PIP3
(Berkeley Drosophila Genome Project [BDGP]). A full-length triolevels in the growth cone membrane. With its two PH
cDNA was constructed by fusing LD28463 and the overlapping EST
domains, Trio may be one of the proteins mobilized to clone LD34378 at a common and unique XhoI site. Subsequently, the
such sites, where it could then locally stimulate Rac to LD and LP cDNA libraries (BDGP) were screened using a fragment
translate spatial cues into directed axon outgrowth. encoding the GEF1 domain as a probe, and full-length cDNA clones
containing the same complete ORF as the LD28463-LD34378 fusionIf the localization or activation of Trio were indeed
were recovered from both libraries. The LD28463-LD34378 fusionsubject to precise spatial control, then it might be suffi-
was used for all subsequent manipulations. The Mtl gene was identi-cient for Dock to recruit Pak uniformly to the plasma
fied from the EST clone LD34834, which was sequenced to comple-
membrane. Consistent with such a model, constitutive tion. The gene is located at cytological division 98A9-11, as initially
recruitment of Pak to the plasma membrane rescues determined by hybridization to high-density P1 filters (Genome Sys-
the projection defects in Pak mutants and so does not tems) and subsequently confirmed by genomic sequence analysis
(BDGP).appear to prevent the growth cone responding to direc-
DNA sequences of trio, Pak, and dock alleles were determinedtional cues (Hing et al., 1999). However, the membrane-
by directly sequencing PCR products amplified from genomic DNAtethered Pak used in these studies retained binding sites
obtained from heterozygote animals or, as controls, the parental
for Dock and other signaling proteins and might there- stocks. Mutations were identified as allele-specific polymorphisms.
fore still be preferentially localized to sites of receptor Only a single specific polymorphism was detected for each allele.
activation. The relative contributions of Trio and Dock trio transgenes were prepared using standard PCR procedures
to introduce the necessary modifications. Sequences encodingto the spatial control of Pak activity therefore remains
eight c-myc epitope tags were added at the 39 end of each construct.an open question. To resolve this issue, it will be neces-
For the GMR-trio rescue constructs, both tagged and untaggedsary to develop reagents to follow the localization of
versions were generated, and both provided full rescue. For con-
Trio, Dock, and Pak in navigating growth cones. At pres- structs carrying an N-terminal myristylation signal, sequences en-
ent, we favor the idea that both Trio and Dock contribute coding the first 90 amino acids of Drosophila Src1 were amplified
in a combinatorial fashion to the precise spatial regula- from embryonic cDNA and inserted 59 to the trio coding sequences.
Transformation vectors were pCaSpeR derivatives containing eithertion of Pak kinase activity. Such a combinatorial model
the GMR promoter, the elav promoter, or the a1-tubulin promoter,for Pak activation could also provide a molecular expla-
and SV40 polyadenylation sequences. The GMR-Rac1 and GMR-nation for the well-known ability of growth cones to
Mtl transgenes were prepared by amplifying the Rac1 and Mtl coding
integrate multiple guidance signals (Tessier-Lavigne sequences from total embryonic cDNA and the EST clone LD34834,
and Goodman, 1996). respectively. The omb-tlacZ marker was generated using an eye-
specific enhancer fragment from the omb gene kindly provided by
Rajeev Sivasankaran and Konrad Basler.Experimental Procedures
For bacterial expression, the coding sequences for Trio GEF1,
Trio GEF2, Mtl, Rac1, Rac2, Cdc42, RhoA, and RhoL were amplifiedGenetics
from the trio cDNA, EST clones, or total embryonic cDNA, and clonedMutations disrupting photoreceptor axon projections were isolated
into pGEX-2T (Pharmacia). For transfection experiments, the Dro-as described previously (Newsome et al., 2000). trio mutants were
sophila Trio GEF1 and GEF2 domains were cloned into pEGFP (Clon-initially defined by a lethal complementation group of nine EMS-
tech), and full-length Drosophila Pak with eight N-terminal c-mycinduced alleles, now renamed trio1-9, that mapped to the interval
epitope tags was cloned into pClNeo (Promega). For expression in61E1-3;61F3 (defined by the proximal breakpoints of Df(3L)Ar11
yeast, Mtl and Rac1 were fused to the LexA DNA binding domain (inand Df(3L)Ar12-1, respectively). All nine alleles result in identical
pBHAK#1, provided by J. Knoblich) and Pak to the GAL4 activationphenotypes, and as several of these are due to nonsense mutations
domain (in pACT2, Clontech). Mtl and Rac1 coding sequences werein the 59 end of the ORF, we infer that they are all null or strongly
modified to replace the cysteine residue in the C-terminal CAAXhypomorphic. Three P element insertions at 61E, l(3)s036810,
motif with serine and to replace glycine-15 and glycine-12, respec-l(3)s095914, and l(3)s138606 (DeÂ ak et al., 1997) all showed reduced
tively, with valine for the activated forms.viability and mild visual system connectivity defects in combination
All constructs were verified by sequence analysis.with each of the EMS-induced alleles. These insertions are therefore
hypomorphic trio alleles, and we refer to them as trioP1, trioP2, and
trioP3, respectively. Biochemistry and Yeast Two-Hybrid Assay
Mosaic animals were generated using the eyFLP system (New- Guanine nucleotide release assays were performed using bacterially
some et al., 2000). Phenotypes of trio, Pak, and dock mosaics were expressed GST fusion proteins as described in Debant et al. (1996).
examined in animals of the following genotypes: Each assay was performed in duplicate. GST pulldown assays were
performed using COS-7 cell extracts essentially as described by Lu
and Settleman (1999). Yeast two-hybrid assays were performed in· trio: y w eyFLP2; trio FRT80B/M(3)RpS174 Pw1 FRT80B
L40 cells as described by Bartel and Fields (1995).· Pak: y w eyFLP2; FRT82B Pak/FRT82B Pw1 cl3R3
· dock: y w eyFLP2; dock FRT40A/cl2L3 Pw1 FRT40A
Immunohistochemistry
Rabbit polyclonal Trio antisera were generated against the peptideIn these animals, the eyFLP transgene provides FLP recombinase
activity exclusively and continuously in the developing eye to induce NRKGTDKPPSSKPLVKKPSEKN (Gramsch Laboratories) and affin-
ity-purified antisera used at a dilution of 1:2000 in combination witha high frequency of tissue-specific mitotic recombination at the FRT
sites located at the base of the relevant chromosome arm. The the Cy3 TSA fluorescence system (NEN Life Sciences). All other
staining procedures were performed as described in Newsome etMinute (M) or cell lethal (cl) mutations ensure that cells homozygous
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al. (2000), using the following additional antibodies obtained from and cytogenetic maps in chromosomal region 86E-87F. Genetics
147, 1697±1722.the Developmental Studies Hybridoma Bank: MAb 40-1a against
b-galactosidase (1:100) and MAb 3A9 against a-spectrin (1:50). Debant, A., Serra-Pages, C., Seipel, K., O'Brien, S., Tang, M., Park,
For quantitation of the medulla bypass phenotype, adult heads S.H., and Streuli, M. (1996). The multidomain protein Trio binds
were sectioned horizontally and stained with MAb 24B10. Serial the LAR transmembrane tyrosine phosphatase, contains a protein
sections through the entire head were examined and hemispheres kinase domain, and has separate Rac-specific and Rho-specific
scored as positive if one or more photoreceptor axon bundles were guanine nucleotide exchange factor domains. Proc. Natl. Acad. Sci.
observed to extend beyond the medulla in any section. USA 93, 5466±5471.
Edwards, D.C., Sanders, L.C., Bokoch, G.M., and Gill, G.N. (1999).
Activation of LIM-kinase by Pak1 couples Rac/Cdc42 GTPase sig-Cell Culture
naling to actin cytoskeletal dynamics. Nat. Cell Biol. 1, 253±259.Dissociated cells from third instar eye imaginal discs were cultured
for 5 days in Leibovitz's L-15 medium (Gibco) as described by Li Frost, J.A., Khokhlatchev, A., Stippec, S., White, M.A., and Cobb,
and Meinertzhagen (1995). REF-52 cells were cultured, transfected, M.H. (1998). Differential effects of PAK1-activating mutations reveal
and stained as described by Bellanger et al. (1998). activity-dependent and -independent effects on cytoskeletal regula-
tion. J. Biol. Chem. 273, 28191±28198.
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